Hydromorphological features of rivers, such as flow depth, flow velocity, and the composition of bed material play a crucial role in the habitat selection of fish.
In large rivers, even more problematic can be the representative sampling of organisms for the determination of habitat suitability.
Here, conventional sampling methods are usually restricted to the littoral zone of the river, whereas offshore, deep-water habitats are relatively rarely examined (Dettmers, Gutreuter, Wahl, & Soluk, 2001; Szalóky, György, Tóth, Sevcsik, Csányi, et al., 2014) . For example, boat electric fishing, which is one of the most widely used sampling methodology of riverine fish, is effective only for a depth of 1.5-2 m (Erős, Balázs, & Sevcsik, 2008; Flotemersch et al., 2011) . Therefore, habitat suitability of fishes is largely understudied in offshore areas (Dettmers et al., 2001; Ridenour, Starostka, Doyle, & Hill, 2009; Szalóky, György, Tóth, Sevcsik, Specziár, et al., 2014) , and the existing methodologies should be further developed (Habersack et al., 2014) , because neither mesohabitat nor microhabitat type models are ideal for the quantification of habitat suitability in large rivers. In brief, the efficiency of mesohabitat type models, which distinguish distinct mesohabitat types (e.g., pools, runs, and riffles; see Erős and Grossman, 2005) and estimate the mean abundance of fishes for the specific mesohabitat units (e.g., Costa, Martinez-Capel, Muñoz-Mas, Alcaraz-Hernández, & Gómez, 2012; Hauer, Mandlburger, & Habersack, 2009; MartinezCapel, Wipplinger, Muñoz-Mas, & Hauer, 2016) , can be criticized because of several reasons. For example, the delineation of mesohabitat units (pool, riffle, run, etc.) is usually done through partially subjective classification of abiotic parameters, or the classification of habitat units have to be calibrated to different flow rates separately. It is also clear that although more or less distinct habitat units can be distinguished in the littoral zone of large rivers depending on the heterogeneity of the habitat, it is hard to separate distinct habitat units for visually homogenous offshore areas. Nevertheless, offshore areas comprise the preponderant amount of habitat in large rivers, and fish may show response to changes in depth, flow, and substrate in these areas, too. However, using microhabitat type models is even more challenging in large rivers, because point sampling of organisms is virtually infeasible offshore. Consequently, microhabitat-type models are much more suitable to wadeable streams or in the very shallow, littoral zone of large rivers than to offshore areas.
In this study, we develop the methodology of mapping the physical habitat suitability of fish in very large rivers. First, we develop a computational hydro-morphological model for a section of the Danube River in Hungary, which is capable to predict basic physical variables (depth, velocity, and bed material composition) in the modelled river section at different flow regimes with high spatial resolution.
Second, we characterize the habitat suitability of two small benthic fishes, the round goby (Neogobius melanostomus) and the Danube streber (Zingel streber), to depth, velocity, and bed material composition variables. Third, we combine the results of numerical hydromorphological modelling and habitat suitability analyses to show habitat suitability maps for the two fishes. This is to illustrate the applicability of the modelling methodology for management. Finally, we discuss the possibilities of further developments of our approach.
| STUDY SITE
The study site was located in a free flowing section of the Danube River in Hungary, between rkm 1,665 and 1,672 at Alsógöd FIGURE 1 (a) Location of the study area; (b) digital elevation model of the study reach; (c) dried bed material samples (from the locations marked in b). (Figure 1a) . The investigated reach is a representative section of the Danube River in terms of fluvial navigation as well as fish habitat, which inherently means a conflict of interest. As to the navigation, the river is regulated with groyne fields, which yield complex flow features and related varying bed topography (Figure 1b) . Despite the river training measures, mid-channel bars are located here, resulting in inadequate flow depths for navigation purposes at low water regime. As to the fish habitat, this reach of the Danube River shows high ecological value, as the natural gravel-sand banks represent suitable spawning places for protected fish species (e.g., Danube streber, golden loach Sabanejewia aurata, and yellow pope Gymnocephalus schraetser). The composition of the bed material shows strong heterogeneity, with typical grain diameter of D 50 , ranging from 0.06 to 80 mm. The coarsest particles characterize the thalweg, whereas the low flow regions, such as the zones between groynes, present fine sediment deposition (Figure 1c) . The mean flow discharge is 1,450 m 3 /s, whereas the highest discharge, measured during the 2013 extreme flood, was 6,100 m 3 /s (estimated return period of 125 years). The mean slope is 5 cm/km, the mean flow depth is 4 m, and the width of the main channel is 400 m.
3 | MATERIALS
| Field data collection for the hydrodynamic model
The field measurements were performed in two different spatial scales. First, local bathymetry and flow measurements with a high spatial resolution and bed material samplings were carried out, covering a significant part of the study reach. The aim of these measurements was to provide field data for the three-dimensional hydrodynamic model. Second, fish samplings together with flow measurements and bed material samplings were performed on a much larger scale, covering a total length of 346 km of the Danube River in Hungary. The aim of these surveys was to set up relationships between the abiotic hydromorphological parameters, such as flow velocity, flow depth and bed material composition, and the fish abundance.
The local bed topography survey was performed using a together with bed morphological changes; thus, the spatial and temporal variation of bed material patterns can also be revealed. However, the simulation of morphodynamics requires a thoroughly parameterized model set-up based on field sediment data. Moreover, the reliable validation of such models is challenging due to the generally high uncertainty of the empirical sediment transport models implemented in the computational models. Therefore, in this study, we restricted the hydrodynamic simulations on stable bed morphology; however, the strongly varying nature of bed sediments is considered through bed material maps.
The computational hydrodynamic model used in this research (Olsen, 2010) had already been tested and validated in many riverine flow and sediment transport studies. These applications focused on FIGURE 2 Grain size distribution curves of the bed material samples (the sampling locations of Samples 1-4 are indicated in Figure 1b) the analysis of hydraulic structures (e.g., Haun, Olsen, & Feurich, 2011; Olsen & Kjellesvig, 1998) ; simulation of reservoir flushing (e.g., Haun & Olsen, 2012; Olsen, Jimenez, Abrahamsen, & Løvoll, 1999) ; laboratory scale simulations (e.g., Baranya & Józsa, 2007; Baranya, Olsen, Stoesser, & Sturm, 2012; Ruether & Olsen, 2005) ; river flow simulations (e.g., Baranya & Józsa, 2006; Olsen & Stokseth, 1995; Wilson, Yagci, Rauch, & Olsen, 2006) ; simulation of mixing in rivers (e.g., Baranya, Olsen, & Józsa, 2015) ; and simulation of river morphodynamics (e.g., Baranya, 2010; Fischer-Antze, Olsen, & Gutknecht, 2008 ). The numerical model solves the so-called Reynolds-averaged Navier-Stokes equations on a horizontally structured, curvilinear grid system. Vertically, the computational domain is discretized in different number of layers depending on the flow depth.
For this, the maximum number of layers and a parameter have to be defined, where the latter is the exponent of a power function, which determines how the cells are distributed along the water column.
The model uses the k-ε turbulence closure to estimate the effect of turbulence. The results of the simulations are the spatial distributions of the 3D flow velocities, hydrodynamic pressure, turbulent kinetic energy (k), and the dissipation of the turbulent kinetic energy (ε). As a relevant parameter in the follow-up bed material mapping procedure, the local values of the bed shear stress were also simulated.
Using the k-ε model, the bed shear stress value (τ) is commonly estimated based on the assumption that the production and dissipation of turbulence is in equilibrium close to the wall. Hence, the bed shear stress can be computed directly from the k value near the bed:
where 2. Assuming that the bed material composition is mostly affected by the long-term bed forming water regimes, the mean values of the bed shear stress, considering the frequency of the flow regimes, were calculated. For this, the bed shear stress values for each computational cell were extracted for the entire flow regime simulated in Point 1. Next, the probability function of the discharge was determined, and finally, the probability function of the bed shear stress for every computational cell was generated. The mean value was calculated using this probability function (see an example for the mean bed shear stress calculation in Figure 3 ). were defined (see Table 1 ).
4. Based on the simulated mean bed shear stress field and the relationships set up in the previous step, the areal distributions of the five fractions could be prepared, yielding a GSD curve for every computational cell, that is, the field of the bed material composition (see Section 4).
| Habitat suitability
The results of recent fish surveys were used to determine habitat suitability for the two model species. During these surveys, altogether, 197 sampling units, 500 m long each, were electrofished using an electrified benthic frame trawl at a variety of depth, bed material, and flow conditions along an approximately 350-km-long reach of the 417-km Hungarian Danube River section (for details, see Szalóky, György, Tóth, Sevcsik, Csányi, et al., 2014; Szalóky, György, Tóth, Sevcsik, Specziár, et al., 2014; Erős et al., 2017) . In brief, the sampling units were selected along predefined transects to cover representatively the cross sectional (i.e., bank to bank) profile of the main channel.
The trawl consisted of a 2-m-long and 1-m-high stainless steel frame to which a knotted multifilament nylon net was attached. The frame was electrified with a 40-m-long electrode cable, which was connected to a Hans-Grassl EL65 IIGI electric fishing device. In the crew, two people handled the framed net (6-mm inner mesh size), one handled the electric fishing device, and one operated the boat. The direct current (approximately 350 V, 33 A) was given for 5-8 s with 3-to 5-s breaks between the operations to minimize fright bias and injury of fish. Fish were identified and measured to the nearest mm standard lengths and then released back to the river. The sampling units were also characterized for physical variables (i.e., depth, velocity, and substrate). Trawling route was started to be measured by a GPS only after the trawl reached the bottom, and, as the boat proceeded downstream, depth data were taken at approximately 20-m intervals using a Lowrance X50 DS sonar. Right after fish sampling, velocity measurements were performed at the location of depth measurements at a depth 40% of the water column (as a representative depth-averaged value) using a Global Water FP201 flow metre. Depth and velocity data were later averaged to get mean values for the sampling units.
Three bed samples were taken using a grab sampler in the first, second, and third portion of each sampling unit. Five grain-size classes were distinguished, which were the same as were used for hydrodynamic modelling (see Table 1 ). The fractional distribution (%) of each size class was visually estimated in the field for each grab sample, and the mean percentage values were then calculated for each sampling unit, by pooling the values of the three samples.
Principal component analysis (PCA) was used for the comparison of bed composition among the sampling units and for setting up the classes for the suitability analysis. Because the percentage values of "cobble" and "silt and fine sand" classes were very low in the samples, we aggregated "cobble" with "pebble" and "sand" with "silt and fine sand" classes to get more robust and biologically more interpretable results (see the third column of Table 1 ). Consequently, we used the percentage values of three grain-size classes (pebble, gravel, and silt/ sand) in the PCA. The size fractions were normalized using square-root arcsin transformation before the analysis (Podani, 2000) . Of the collected species, the round goby and the Danube streber were chosen for illustrating the methodology of habitat mapping. The round goby is a small invasive species, which is spreading upstream in the Danube and its tributaries. The species is rather plastic in its habitat use, albeit it rather prefers rocky and stony substrates with a mixed proportion of gravel for habitat (Erős, Sevcsik, & Tóth, 2005; Kornis, Mercado-Silva, & Vander Zanden, 2012) . The Danube streber, on the other hand, is a strictly protected endemic species in Hungary, which is also listed in the Habitat Directive of the European Union (NATURA 2000 species). Although detailed information about the habitat use of the species is limited, the species shows strict preference to medium and large fast-flowing rivers (Brinker et al., 2018) . In fact, no studies to date examined the offshore habitat use of these species in very large rivers and quantified abundance physical habitat relationships in offshore areas. Modelling the habitat suitability of these species with different conservational status can thus provide important, direct implications for conservation and fishery management, although, to our knowledge, no data exist on their preference to individual habitat variables in very large rivers, including offshore areas. For simplicity, the habitat preference of their age groups was not examined in this study; the focus here is to evaluate the contrasting habitat use of the two species only (see Section 4).
The abundance data of the two species (number of individuals caught in the 500-m-long and 2-m-wide sampling units) was used for the calculation of habitat suitability (or electivity). Habitat suitability was determined in the most conventional manner (see Bovee, 1986; Lee & Suen, 2013; Vilizzi, Copp, & Roussel, 2004; Vismara, Azzellino, Bosi, Crosa, & Gentili, 2001) . First, the mean value of each physical habitat variable (e.g., depth) was divided into different catego- Besides calculating habitat suitability, we also modelled the direct relationships between fish abundance (i.e., CPUE: number of individuals per 500-m sample length) data and abiotic variables using depth, velocity, and bed material composition (sediment PC1 scores) data as response variables in generalized additive models (GAM). For this purpose, identity link functions with Gaussian error distribution were used. GAM is an extension of generalized linear model that determines the shape of the response curves from the data (i.e., smooth function), instead of fitting an a priori parametric model (Hastie & Tibshirani, 1986; Wood, 2006) . For each smooth function, a maximum number of three degrees of freedom (k = 4) were used. Only main effects were tested in the models, because two-or three-way interactions were biologically uninterpretable. Prior to analysis, log10(x + 1) transformation was performed on the response variables to meet the assumption of normality. GAM was conducted with the R package "mgcv" (Wood, 2006) .
| Habitat mapping
The mapping of the habitat preferences for the two fish species was performed for the entire flow regime, and a statistical assessment was carried out based on the maps. For the latter, the discharge frequency function of the study reach was applied. The habitat assessment was performed along the following steps:
1. Quasi-steady hydrodynamic simulation was carried out for the entire flow regime (from 700 to 6,500 m 3 /s), resulting in a high number (64) of horizontal distributions of flow depth and flow velocity.
2. Together with the bed material map prepared as described above, the SI values were determined for water depth, depth-averaged flow velocity, and for the bed material composition, for every computational cell, for each hydrodynamic solution field, leading to 3 × 64 SI maps for both fish species.
3. Mean SI values were derived for every computational cell, calculating the arithmetic mean of the three SI values.
4. Cell areas were integrated to one of the four suitability classes 
| Bed material mapping
The horizontal distribution of the bed material composition was prepared based on the previously described procedure. The derived mean 
| Habitat suitability
Evaluations based on both abundance and habitat variable relationships ( Figure 7 ) and habitat suitability indices (Figure 8 ) indicated that the two model species showed partly overlapping habitat use patterns.
Both species occurred in a wide range of depth conditions and were found to be abundant in relatively deep areas in the river (mainly between 2 and 6 m). However, the round goby showed more preference to shallower areas (0-2 m), too, which were clearly avoided by the Danube streber. The Danube streber, on the other hand, was also abundant in very deep areas (5-8 m), which were rather avoided by the round goby. The most contrasting difference in species responses was found to flow velocity. The round goby was abundant in low velocity areas (0-0.4 ms −1 ), whereas the Danube streber preferred areas with very high flow velocity (0.9-1.3 ms −1 ). Finally, both species were abundant in gravel and pebble dominated areas and avoided the sand-dominated and silty-sand-dominated bed material. The GAMs further revealed that all physical variables influenced abundance to some degree, albeit due to the high variability in abundance, some variables proved to be marginally insignificant at P = 0.05 level (Table 2) .
Substrate composition (i.e., sediment PC1) was the most important variable, which shaped the abundance of these benthic species, but velocity was also a highly important variable for the round goby. Here, we provided the first quantification of habitat suitability of these two species. Overall, these results correspond well with former, less detailed studies, which found that the round goby is abundant in the littoral zone of the Danube and occurs even in shallow (<2 m) areas, with medium velocity (0.3-0.6 ms
) and gravel and stony substrate, whereas the Danube streber is extremely rare in the littoral zone and prefers the offshore, high velocity areas (Erős et al., 2005; Erős et al., 2008; Loisl, Singer, & Keckeis, 2014) . low SI values (<0.25) represent only minor part of the study area for both fishes, 6% for the round goby (Figure 11a ) and 7% for the Danube streber (Figure 11b ; see round charts in Figure 11 ). Apparently, the larger part of the study domain represents adequate conditions for both fish species. For the round goby, 60% of the study section can be characterized as preferred (SI > 0.5). However, excellent habitat conditions are hardly available in the main channel. In case of the Danube streber, 74% of the study reach shows preferred conditions; moreover, 54% shows high-quality habitat.
| Habitat mapping

| Management implications
Only a few studies deal with mapping the riverbed by means of stateof-the-art field techniques, using, for example, sidescan sonars (Brasington, Vericat, & Rychkov, 2012; Hamill, Wheaton, Buscombe, Grams, & Melis, 2016) or underwater photographs (Rubin et al., 2007) . However, these techniques are cost-and time-consuming compared with numerical modelling and, therefore, cannot really be used at large spatial scales. A great advantage of the herein introduced three-dimensional numerical modelling technique is the reliable estimation of the bed shear stress field, which is the main driving force in the spatial arrangement of the bed sediments, thus a good indicator of the bed composition.
An adequately parameterized and validated numerical model enables quantitative assessment of morphological, hydrodynamic, and sediment transport features at the reach scale by providing a tool, which connects microscale with mesoscale habitat modelling. Further, as it was shown here, abundance of fish can vary largely in the main channel of a very large river according to differences in depth, flow velocity, and substrate composition (Figure 7) . Therefore, combining the results of hydrodynamic modelling with fine scale data on fish habitat suitability may present a more detailed and finer scale modelling of fish distribution and abundance, than formerly used approaches, which utilized hydro-geomorphic units (e.g., main channel, pools, and riffles) for characterizing habitat suitability in very large rivers (for a review, see Habersack et al., 2014) . These fine-scale habitat suitability maps can be applied for several purposes by riverine and conservation management. For example, dredging of the bed material and several other river regulation works may threaten the populations of large river fish (Ridenour et al., 2009; Ridenour, Doyle, & Hill, 2011) . The habitat maps, which were produced for the strictly protected Danube streber, can be directly used for designing the locations of dredging and mining, to avoid areas where the species is presumably the most abundant according to modelling results. Alternatively, habitat suitability maps may help the selective fishing of invasive species for eradication purpose. The great advantage of the hydrodynamic modelling is that such habitat suitability maps can be produced for any hydrological situation.
Although the coupled field and numerical methodology means a very promising step towards the assessment of habitat suitability in large rivers, some limitations of the present methodology have to be considered. Simultaneous implementation of the biotic and the abiotic field data collection at different flow regimes would significantly improve the representativeness of the habitat suitability models.
Advanced flow measurements methods, using acoustic devices, can also contribute to the better understanding of fish behaviour as recent studies, mainly focusing on fishways, pointed out (Cotel, Webb, & Tritico, 2006; Liao & Cotel, 2012; Pavlov, Lupandin, & Skorobogatov, 2000; Smith, Goodwin, & Nestler, 2014) . Although direct measurement of turbulence in large rivers is demanding, computational models with sophisticated turbulence models can be utilized instead.
| CONCLUSIONS
This study introduced an improved methodology for characterizing habitat suitability of large river fishes. Deepwater fish surveys enabled the characterization of river sections in zones, where conventional fishing techniques, used in the littoral zones, are inadequate. In this way, the suitability analysis could be extended to the whole river reach, including offshore areas, which were considered as hydromorphologically homogeneous habitats formerly. As a decisive parameter in abiotic description of habitats, the composition of the bed material could be assessed along areal distributions, combining local physical samplings with simulated bed shear stress field by three-dimensional numerical modelling, which provides even better estimations compared with two-dimensional models. These novel methodologies provided more reliable and spatially more detailed information compared with previous studies on fish preference. The numerical modelling technique can be well applied for supporting the planning activities of river restoration measures. In fact, the improvement of navigability conditions is an actual issue in the Hungarian section of the Danube River due to the significant number of bottlenecks and fords, in which the reservation or even the revitalization of habitats has to be considered.
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